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Arrack Carboxypeptidases perform many diverse 
functions in the body. The well-studied pancreatic en- 
zymes (carboxypeptidases A 1 , A2 and B) are involved in 
the digestion of food, whereas a related enzyme (mast- 
cell carboxypeptidase A) functions in the degradation of 
other proteins. Several members of the metallocar- 
boxypeptidase gene family (carboxypeptidases D, E, M 
and N) are more selective enzymes and are thought to 
play a role in the processing of intercellular peptide mes- 
sengers, Three other members of the metallocarboxypep- 
tidase gene family do not appear to encode active en- 
zymes; these members have been designated CPX-1, 
CPX-2 and AEBP1/ACLP. In this review, we focus on the 



recently discovered carboxypeptidase Z (CPZ). This en- 
zyme removes C-terminal Arg residues from synthetic 
substrates, as do many of the other members of the gene 
family. However, CPZ differs from the other enzymes in 
that CPZ is enriched in the extracellular matrix and is 
broadly distributed during early embryogenesis. In addi- 
tion to containing a metaliocarboxypeptidase domain, 
CPZ also contains a Cys-rich domain that has homology 
to Wnt-binding proteins; Wnts are important signaling 
molecules during development. Although the exact func- 
tion of CPZ is not yet known, it is likely that this protein 
plays a role in development by one of several possible 
mechanisms. 
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General roles of metallocarboxypeptidases 

Carboxypeptidases (CPs) remove amino acids from the 
C-termini of proteins and peptides by hydrolysis. The 
cleavage mechanisms use an active site serine, cysteine or 
zinc; the latter group is referred to as Metallocar- 
boxypeptidases.' Altogether, there are 13 known mem- 
bers of the metaliocarboxypeptidase gene family in most 
mammalian species investigated; an additional car- 
boxypeptidase A-like member (designated CPA3) has 
been reported in humans [1]. Several additional CP-like 
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genes are present in the human genome, but it is not yet 
known whether they encode proteins or are pseudogenes. 
All metallocarboxypeptidases can be grouped into one of 
two major subfamilies based primarily on amino acid se- 
quence similarities (fig. 1). One group includes the di- 
gestive enzymes carboxypeptidase A (CPA) and car- 
boxypeptidase B (CPB). All members of the CPA/B sub- 
family are approximately 34-36-kDa proteins initially 
produced as inactive zymogens [2-6]. Activation re- 
quires removal of a pro peptide segment, in some cases by 
multiple endopeptidase cleavages [7]. The members of 
this subfamily that have been characterized are optimally 
active in the neutral pH range, reflecting the pH of the en- 
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Figure 1 . Mammalian metallocarboxypeptidase family tree. The amino acid sequence identity is approximately 50% among members of 
the same subfamily, but only 20% between subfamilies. Only the members of the metallocarboxypeptidase family that have been charac- 
terized at the protein level are included; CPA3 and other possible members are not shown. 



vironments where they function [2-6]. The enzymatic 
properties of CPA3 have not been reported. 
In contrast to the members of the CPA/B subfamily, the 
members of the other metallocarboxypeptidase subfamily 
range in size and pH optima [8-11]. This second family 
has been commonly referred to as 'regulatory* car- 
boxypeptidases. However, this is not accurate, because at 
least one of the members of the A/B subfamily has a re- 
gulatory role in fibrinolysis (discussed below). Instead, it is 
more appropriate to refer to this family as the N/E family, 
based on the first two members that were identified. Unlike 
A/B carboxypeptidases, the N/E enzymes do not appear to 
be produced as inactive precursors that require proteolysis 
to produce the active form. Instead, the N/E enzymes rely 
on their substrate specificity and subcellular compartmen- 
tatization to prevent inappropriate cleavages that would 
otherwise damage the cell. In addition, all members of the 
N/E subfamily contain an extra domain that is not present 
in the A/B subfamily proteins (fig. 2). Based on the crystal 
structure of a portion of carboxypeptidase D (CPD) [12] 
and the modeling of other members of the family [13], this 
80 amino acid-long domain folds into a structure that re- 
sembles the p barrel found in transthyretin and other pro- 
teins. The function of this domain within all members of 



the N/E subfamily is not known; one possibility is that the 
transthyretin-like domain functions in the folding of the 
carboxypeptidase domain. Alternatively, the transthyretin- 
like domain may be involved in the formation of protein 
oligomers or regulation of the enzyme activity. 



Members of the CPA/B subfamily 

The primary function of pancreatic CPA and B is to break 
down peptides in the gut, following the action of chy- 
motrypsin and trypsin on ingested proteins. Although 
pancreatic CPA is optimally active towards aromatic or 
aliphatic residues and pancreatic CPB is optimally active 
towards basic residues, CPB is able to cleave some non- 
basic amino acids [6, 14]. In most mammalian species 
two distinct pancreatic CPA enzymes are present, named 
CPA1 and CPA2. These two enzymes have slightly differ- 
ent specificities towards aromatic residues, with CPA2 
preferring the bulkier Trp side chain and CPA 1 preferring 
the smaller aromatic and aliphatic residues [2, 3, 15]. In 
addition to the pancreatic CPAs, a distinct enzyme found 
in mast cells has also been named CPA and is usually de- 
signated mast cell-CPA (MC-CPA). Similar to the pan- 
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Figure 2. Comparison of the domain structures of metallocarboxypeptidases, with a focus on CPE subfamily members. All members con- 
tain an N-terminal signal peptide, a 300-amino acid carboxypeptidase-homology domain, an additional 80-residue domain with structural 
homology to transthyretin, and then additional sequences at the N- and/or C-termini. Residues that are important for the metal binding . 
(His69, Glu72, Hisl96), substrate binding (Argl45, Tyr248) and catalytic activity (Glu270) are indicated, using the numbering system of 
CPA/B by convention. Abbreviations: fz, Cys-rich domain with amino acid sequence similarity with Frizzled receptors and other proteins; 
disc, domain with amino acid similarity to discoidin-l . 



creatic CPAs, MC-CPA also cleaves peptides with C-ter- 
minal aliphatic/aromatic residues with the highest effi- 
ciency [5]. MC-CPA functions in the destruction of pro- 
teins and peptides by mast cells, presumably following 
the action of chymase [5]. Carboxypeptidase U (CPU) is 
a plasma enzyme that is produced in the liver [4] . This en- 
zyme has also been given the names CPR, plasma CPB, 
thrombin activatable fibrinolysis inhibitor (TAFI) and in- 
ducible carboxypeptidase activity [4]. CPU circulates in 
plasma primarily in its inactive precursor form, proCPU, 
which can be activated by either plasmin or thrombin. 
Once active, CPU cleaves C-terminal lysines formed by 
the action of plasmin on fibrin. These C-terminal lysines 
bind plasminogen with high affinity, so the removal of 
these residues by CPU acts to control the binding of plas- 
minogen which in turn affects the rate of fibrinolysis [4]. 



CPE 

Carboxypeptidase E (CPE), which is also known as car- 
boxypeptidase H, enkephalin convertase, and EC 



3.4.17.10 [16], was discovered during searches for a car- 
boxypeptidase that would remove C-terminal lysine and 
arginine residues from neuroendocrine peptide precur- 
sors [17]. Most neuroendocrine peptides are initially pro- 
duced as small proteins that require cleavage at basic 
amino acid-containing sites by a prohormone convertase 
[18]. Following the action of the prohormone convertase, 
the carboxypeptidase step is then usually required to 
generate the bioactive peptide. This processing step takes 
place within the late secretory pathway of neuroen- 
docrine cells where the pH is 5-6, and so the pH opti- 
mum of CPE is also within this range [8]. CPE has very 
little enzyme activity at neutral pH [19], which is pre- 
sumably a mechanism by which the enzyme is inactivated 
in the early secretory pathway (with its more neutral pH) 
and following secretion of CPE into plasma or the synap- 
tic cleft (which are also neutral). CPE is extremely spe- 
cific for C-terminal basic residues, with no detectable ac- 
tivity towards nonbasic residues [8]. Aside from this 
stringent requirement for C-terminal basic residues, CPE 
displays a fairly broad substrate specificity and can effi- 
ciently cleave all known peptide-processing intermedi- 
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ates with the exception of ^^des with a proline in the 
penultimate position [8, 20]. CPE is also broadly distrib- 
uted in the neuroendocrine system but is not abundant in 
nonneuroendocrine tissues [2h 22]. Within cells, CPE is 
further localized to the regulated secretory pathway 
where it exists in a soluble and a membrane-associated 
form [23]. These forms arise via differential posttransla- 
tional processing of a C-terminal region that presumably 
forms an amphipathic helix [24]. Although CPE is ini- 
tially produced with a 14-residue N-terminal extension 
that is cleaved in a post-Golgi compartment, this pro form 
is fully active [25]. Based on the broad neuroendocrine 
distribution and substrate specificity of CPE, it was pro- 
posed that this enzyme functions in the biosynthesis of 
most neuroendocrine peptides [16]. This hypothesis was 
confirmed by studies on mice lacking CPE activity due to 
a point mutation in the coding region of the gene [26]. 
This naturally-occurring *faf mutation replaces the se- 
rine in position 202 with a proline, eliminating enzyme 
activity [26]. Mice homozygous for xhtfat mutation have 
reduced levels of correctly processed neuroendocrine 
peptides and greatly elevated levels of the precursors con- 
taining C-terminal basic residues [26-30], It is this de- 
crease in peptide processing that presumably causes the 
mice to be overweight, although the precise defect has not 
yet been identified, The general effect of the fat mutation 
on many peptides is consistent with the broad role for 
CPE in peptide processing. However, these mice do pro- 
duce a small amount of the correctly processed peptides, 
implying that an alternative enzyme functions in this 
pathway. Of all the other known carboxypeptidases, only 
CPD has the correct specificity and tissue distribution to 
play a major role in the intracellular biosynthesis of neu- 
roendocrine peptides (discussed below). 



CPM and CPN 

Carboxypeptidase M (CPM) and carboxypeptidase N 
(CPN) have also been proposed to fiinction in the pro- 
cessing of peptide hormones, but in contrast to CPE, 
these other carboxypeptidases function extracellularly. 
CPM is most abundant in lung and placenta where it is 
found in a membrane-bound glycosyl-phosphatidylinosi- 
tol-linked form [1 1]. It is also present in blood vessels 
and on the surface of white blood cells where it was dis- 
covered as a 'differentiation-dependent cell surface anti- 
gen* [1 1 ]. In addition, soluble forms of CPM are found in 
various fluids such as seminal plasma, amniotic fluid and 
urine [11]. CPN is produced by the liver and circulates in 
plasma only as a 280-kDa protein complex containing 
two copies of the active subunit and two copies of an 83- 
kDa glycoprotein [10]. The major function of both CPM 
and N may be to inactivate or alter the specificity of va- 
soactive peptides (kinins and anaphylatoxins C3a, C4a 
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and C5a). In addition, these enzymes may also process 
peptide hormones that are not fully processed by CPE 
within the secretory pathway, or regulate plasminogen 
binding to cells as does CPU (except that CPM and N are 
constitutively active unlike the thrombin-activated CPU 
discussed above). 



CPD 

CPD was first discovered as a 180-kDa duck protein that 
bound hepatitis B viral panicles [31]. Mouse CPD was 
independently found in a search for a CPE-like enzyme 
that was functional in mice with the/ar mutation, and the 
bovine and rat homologs were subsequently identified 
[32], The Drosophila homolog of CPD was found to be 
encoded by the Silver gene, mutation of which causes 
changes in the coloration of the cuticle and in the wing 
shape [33]. Comparison of the CPD amino acid se- 
quences from human [34], rat [35] t mouse [36], duck [31] 
and Drosophila [33] reveals a similar structure; all 
species contain three repeats of a CPE-like sequence 
which includes both the 320-residue CPA/B-like domain 
and then the 80-residue transthyretin-like domain unique 
to the CPE subfamily proteins (fig. 2). Following these 
three repeats is a 20-residue transmembrane domain and 
then a 60-residue cytosolic tail. This transmembrane do- 
main and tail are found in mammalian CPD, avian CPD, 
and even the Drosophila CPD homolog, Although the ini- 
tial report on the Silver gene indicated only two and a half 
domains with no transmembrane region [33], analysis of 
the Drosophila genome and expressed sequence tag com- 
plementary DNA (cDNA) databases reveals that this was 
due to a splice variant; the unspliced form would contain 
a transmembrane-domain and cytosolic tail. Similar 
analysis of the Caenorhabditis elegans database indicates 
the presence of a two-domain CPD homolog, also con- 
taining a transmembrane domain and a 60-residue cy- 
tosolic tail. CPD from Aplysia has four CPE-like repeats 
but was not reported to contain a transmembrane domain 
[37]. Thus, the multidomain requirement of CPD has 
been highly conserved through evolution, although the 
advantage for these multiple domains is not entirely clear. 
In the duck and mammalian forms, and presumably the 
other species as well, the third domain does not have de- 
tectable carboxypeptidase activity towards standard sub- 
strates [38, 39]. Analysis of the amino acid sequences and 
modeling of the active site indicates that this domain is 
unlikely to form a functional carboxypeptidase [13]. It is 
possible that the third domain represents a distinct hydro- 
lase activity, as found for the distantly related gamma-D- 
glutamyl-(L>diamino acid-hydrolyzing peptidase I of 
Bacillus sphaericus. This B. sphaericus peptidase is a 
member of the metal locarboxypeptidase superfamily but 
lacks some of the residues required for substrate binding 
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[40], Similarly, the third domain of CPD lacks some of 
these same residues. However, the third domain of CPD 
also lacks several residues that are required for hydrolase 
activity in both the carboxypeptidases and in the B, 
sphaericus peptidase, so it is also possible that this third 
domain functions as a binding protein rather than as an 
active enzyme. Similar enzyme-related binding proteins 
have been described for a range of proteases and phos- 
phatases [41], 

The first and second CPE-like domains of CPD are func- 
tional carboxypeptidases and differ slightly in their enzy- 
matic properties [38, 39]. The first domain is optimally 
active at neutral pH and cleaves peptides with C-terminal 
arginines more efficiently than peptides with C-terminal 
lysines. The second domain is optimally active at a more 
acidic pH range (5-6) and cleaves peptides with C-ter- 
minal lysines more efficiently than peptides with C-ter- 
minal arginines. Thus, the two domains are somewhat 
complementary in their activities and provide for the 
broadest possible specificity over the entire physiological 
pH range encountered by the enzyme. CPD is enriched in 
the trans Golgi network and also cycles to the cell surface 
via immature secretory vesicles [42, 43]. The intravesic- 
ular pH of these compartments ranges from neutral to 
acidic and corresponds to the broad pH optimum of CPD. 
The function of CPD appears to overlap somewhat with 
that of CPE, which accounts for the viability of mice 
lacking CPE activity due to the/af mutation. However, 
CPD and E are not entirely redundant, because peptide 
processing is altered in these mice. Although both CPD 
and E are present in the secretory pathway of neuroen- 
docrine cells, they are enriched in different parts of the 
pathway [43]. Similarly, there are also two different sets 
of endopeptidases within the secretory pathway; one set 
is enriched in the trans Golgi network (furin, prohormone 
convertase 7 and others), whereas the other set is enriched 
in the mature secretory vesicles (prohormone convertases 
1 and 2) [18]. Thus, CPD primarily functions following 
the action of the fra/w-Golgi network endopeptidases, 
whereas CPE functions following the action of prohor- 
mone convertase 1 and 2. CPD is therefore likely to be in- 
volved in the production of receptors and growth factors 
which are processed by furin and related enzymes within 
the rran-y-Golgi network [44]. The tissue distribution of 
CPD is very broad and is not limited to neuroendocrine 
tissues, consistent with a broad role for CPD in process- 
ing proteins that transit the secretory pathway [18]. 



CPX1, CPX2 and AEBP1/ACLP 

The three proteins designated CPX1, CPX2 and AEBP1 
(which is also known as aortic carboxypeptidase-like pro- 
tein, or ACLP) form a distinct subset of the CPE metallo- 
carboxypeptidase subfamily. First, their carboxypepti- 
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dase domains share slightly more amino acid sequence 
homology with each other than with other members of the 
metallocarboxypeptidase family (fig. l).Also, CPX1 and 
CPX2 are inactive towards standard carboxypeptidase 
substrates [45, 46], as is the third domain of CPD (dis- 
cussed above). Although AEBP1/ACLP was reported to 
have catalytic activity towards a standard CPB substrate 
[47, 48], these studies could not be replicated with 
AEBP1/ACLP prepared using the same procedure and 
with the same substrate [L. D. Fricker, unpublished] or 
with other expression systems and substrates [49]. CPX 1 , 
CPX2 and AEBP1/ACLP all contain an N-terminal do- 
main with homology to discoidin and other lectins, 
whereas none of the other members of the metallocar- 
boxypeptidase family contain this domain (fig. 2). 
A comparison of the active site residues argues against a 
standard carboxypeptidase function for CPX1 , CPX2 and 
AEBP1/ACLP. All three of these proteins lack one or 
more residues that are critical for the enzymatic activity 
and/or substrate binding of the carboxypeptidases. For 
example, the residue in a position equivalent to Argl45 of 
CPB is either a His, Asn or Glu in the three inactive pro- 
teins (fig. 2). This Argl45 is involved in the binding of 
the carboxylate group of the substrate and is essential for 
defining the enzyme as a carboxypeptidase [50]. Without 
an Arg in this position, it is unlikely that the proteins will 
bind C-terminal amino acids. Tyr248 of CPB is also im- 
portant for substrate binding [51], and the equivalent 
residue is a His in CPX1 and CPX2 and an Asn in 
AEBP1/ACLP (fig. 2). Glu270 of CPB is critical for the 
catalytic mechanism; replacement of the Glu in a compa- 
rable position in CPE (Glu300) with a Gin eliminated en- 
zyme activity but not substrate binding [52], The absence 
of a Glu in the equivalent positions of CPX2 and 
AEBPl/ACLP (as well as the third domain of CPD) ar- 
gues that these proteins may function as binding proteins 
rather than active hydrolases. 



Discovery of CPZ 

Computer homology searches of expressed sequence tag 
databases identified a short cDNA sequence with some 
similarities to CPE and the other carboxypeptidases. Re- 
verse transcription and polymerase chain reaction were 
used to isolate the full-length cDNA encoding both hu- 
man and rat CPZ [49, 53]. Human CPZ was found in se- 
veral forms which arise from alternative splice site usage 
of exons. The major form encodes a protein of 641 amino 
acids. Inspection of the deduced amino acid sequence of 
CPZ suggested that this protein would encode an active 
carboxypeptidase, unlike CPX1, CPX2 and AEBP1/ 
ACLP. Expression of the protein in the baculovirus sys- 
tem resulted in an active carboxypeptidase [49]. How- 
ever, the protein was tightly bound to the cells despite the 
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absence of any apparent transmembrane domains except 
for the N-terminal region, which was predicted to form a 
cleavable signal peptide. Studies with nonpermeable sub- 
strates confirmed that the expressed CPZ was present on 
the cell surface, consistent with the presence of a signal 
peptide to target the protein into the secretory pathway 
[49]. Recently, expression of a C-terminally truncated 
form of CPZ in the AtT-20 mammalian cell line has pro- 
duced a form that is soluble and secreted into the media 
[54]. The addition of the His6 sequence on the C-termi- 
nus of the construct has enabled the purification and sub- 
sequent characterization of the enzyme. 
CPZ is unique among members of the metallocarboxy- 
peptidase gene family in the presence of a 120-residue 
cysteine-rich domain that has 20-35% amino acid se- 
quence identity to Drosophila and mammalian Frizzled 
proteins [49, 53). These proteins are receptors for mem- 
bers of the Wingless/Wnt family, which are important 
signaling molecules in early development (discussed be- 
low). Several extracellular proteins also contain this Friz- 
zled-like cysteine-rich domain, including a form of colla- 
gen, proteins designated frzb and sizzled, and a family of 
Frizzled-related proteins [55-58] (fig. 3). These proteins 
are believed to bind to Wnt proteins extracellularly, thus 
inhibiting Wnts from interacting with Frizzled receptor 
proteins and influencing gene expression. The cysteine- 
rich domain within CPZ is highly conserved between the 
human and rat forms of the protein, suggesting that this 
domain is functional. Since CPZ is not a transmembrane- 
spanning protein, it more likely functions as an extracel- 
lular Wnt-binding protein than as a receptor. Recently, we 
have shown that Wnt-3a induced transformation of the 
mouse mammary gland cell line C57MG cells could be 
antagonized by CPZ [S. Reznik, unpublished]. 



Localization of CPZ in the extracellular matrix 

To investigate whether CPZ is present in the parts of cells 
where an interaction with Wnt proteins is possible, the in- 
tracellular distribution of endogenous CPZ was examined 
in several human tissues and in two cell lines; the rat 
adrenal PC 1 2 cell line and the mouse pituitary AtT20 cell 
line. PC 12 cells express relatively high levels of CPZ, 
AtT-20 cells do not express detectable levels of CPZ, and 
so these cells were transfected with human CPZ cDNA. 
CPZ was found in the extracellular matrix fraction of 
both the PC 12 and AtT-20 cells [54]. In addition, CPZ 
was detected in the extracellular space of human placen- 
tal invasive trophoblasts and in the extracellular matrix 
adjacent to malignant cells in human adenocarcinoma of 
the colon (fig. 4). 

Similar to other components of the extracellular matrix, 
CPZ binds heparin [54]. The addition of heparin to the 
cell culture medium docs not significantly alter the 



amount of CPZ secreted into the media or bound to the 
extracellular matrix, indicating that the binding of CPZ to 
the extracellular matrix is not simply due to the heparin- 
binding domain of CPZ [54]. It is likely that the C-termi- 
nal region of CPZ contributes to the extracellular matrix 
binding for the following reasons. The form of CPZ ex- 
pressed in the media of CPZ-expressing AtT-20 cells is 
approximately 4 kDa smaller than the extracellular ma- 
trix form in these cells [54]. Thus, it is likely that the ex- 
tracellular matrix binding is contained within this addi- 
tional 4-kDa portion of the larger form. This 4-kDa dif- 
ference is not due to N-linked carbohydrates, and so the 
likely explanation is proteolysis at the N- and/or C-ter- 
mini. A comparison of rat and human CPZ sequences 
shows a highly conserved C-terminal stretch of 35 amino 
acids [49, 53], The degree of amino acid identity over 
these C-terminal 35 residues (78%) is considerably 
higher than that found in an adjacent region (36%), and it 
is likely that such a highly conserved region is functional. 
Furthermore, there are eight basic residues and no acidic 
residues in the C-terminal domain, and these eight basic 
residues are conserved in human and rat [49, 53]. A con- 
sensus site for fiirin and related prohormone convertases 
is located 29 residues from the C-terminus. Cleavage 
at this consensus site by furin would shorten CPZ by 
3.6 kDa, consistent with the observed shift of approxi- 
mately 4 kDa. Although the majority of intracellular fiirin 
is found in the rrows-Golgi network, this endopeptidase 
also cycles to the cell surface and has been shown to 
process several extracellular proteins [44, 59]. Thus, furin 
could process CPZ during transport to the surface of the 
cell, or following expression of CPZ on the surface of the 
cell. 



CPZ Expression in embryonic development 

The presence of the N-terminal Frizzled domain within 
CPZ and the localization of CPZ in the extracellular ma- 
trix suggest that CPZ interacts with Wnt proteins. Be- 
cause Wnt proteins function in the regulation of embryo- 
nic development, it is possible that CPZ is also involved. 
CPZ expression was detected as early as E5 in the mouse 
embryo, as well as in the mouse decidualized en- 
dometrium [60], CPZ immunoreactivity intensifies in the 
embryonic bilayer at E7 and is broadly expressed in the 
embryo at E9 and El 2, when immunostaining is most in- 
tense (fig. 5, panels A, B). In E12 brain, staining is most 
abundant in the cells lining the ventricles (fig. 5, panel E). 
At El 5 there is a decrease in CPZ expression in specific 
tissues. In particular, there is a dramatic fall in CPZ im- 
munoreactivity from brain parenchyma, but ventricular 
and cochlear lining cells continue to show strong CPZ ex- 
pression (fig. 5, panel F). Intense CPZ immunoreactivity 
also persists in the lungs, liver, kidneys and intestine at 
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Figure 4. CPZ in the extracellular matrix. Frozen tissue sections 
were fixed in paraformaldehyde and reacted with antiserum di- 
rected against the C-tenminal region of CPZ (A and Q or preim- 
mune serum (B and D), as previously described [54]. Immunoreac- 
tivity was visualized with an avidin-biottn complex developer kit 
and 3,3'-diaminobenzidine as substrate. A and B, placental basal 
plate. C and D, adenocarcinoma of the colon. Abbreviations: T, in- 
vasive trophoblast; ECM, extracellular matrix. Bar, 10 urn. 
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Figure 5. CPZ expression in mouse tissues. An overview of CPZ 
expression in sagittal sections of mouse embryos is shown in panels 
A-D. Peak CPZ expression is present at E9 and E12 (A, B). CPZ 
immunoreactivity decreases in some tissues at El 5 (Q and falls 
further at El 7 (D). Intense CPZ immunoreactivity is present 
throughout gestation in the brain ventricular epithelial cells (cells 
lining fourth ventricle at E12 shown in £). CPZ expression also per- 
sists throughout gestation in the cochlear lining cells of the inner ear 
and surrounding mesenchymal cells (F). CPZ immunoreactivity is 
present in hair follicles in adult mouse skin (G). 

El 5 (fig. 5, panel C). By El 7 CPZ immunoreactivity is 
markedly decreased in most mouse tissues (fig. 5, panel 
D). CPZ expression persists throughout development in 
inner ear cochlear epithelial cells and surrounding 
mesenchyme, ventricular lining cells in the brain and car- 
tilaginous condensations and surrounding connective tis- 
sue in ribs. Mouse placental tissues show uniformly high 
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CPZ expression throughout development both in the am- 
nion and in the fetal chorionic villi [60]. 
Consistent with its role in embryonic development, CPZ 
expression in adult tissues is much less abundant than in 
embryonic organs. By Northern blot analysis of rat tis- 
sues, CPZ is expressed at low levels in a variety of adult 
tissues and at high levels in placenta [53]. By immuno- 
histochemical analysis of mouse tissues, CPZ expression 
is found in surface epithelial cells and hair follicles in 
adult skin (fig. 5, panel G). Adult mouse brain and liver 
show very low CPZ expression, in contrast to high levels 
of CPZ expression seen in these tissues during embryo- 
genesis [60]. Interestingly, in the adult mouse spleen, 
CPZ expression is enriched in the extracellular matrix 
[60]. In placenta, CPZ is enriched in the invasive tro- 
phoblasts and the amnionic epithelial cells [54]. 
The expression pattern of CPZ during mouse embryonic 
development overlaps with the expression patterns of 
multiple Writ genes. Several Writs are maximally ex- 
pressed during the first half of mouse development 
[61-65]. The expression pattern of the Wnt-5a gene in 
particular is similar to the expression pattern of CPZ. 
Wnt-Sa gene expression occurs at E6.5 in decidualized 
endometrium, at E9.5 in the midbrain and at El 1.5- 
E14.5 in cartilaginous condensations and surrounding 
mesenchyme [65]. Similar to CPZ, Writ genes have very 
restricted expression in mouse adult organs. For example, 
the Wnt-3 gene is expressed in adult mouse skin, but only 
in specific cells in the hair follicle [66]. The overlap in 
patterns of expression of CPZ and several Writ genes is 
consistent with the putative role of CPZ in interacting 
with Wnt proteins and regulating aspects of embryonic 
development controlled by Wnt signaling. 



Enzymatic properties of CPZ 

The enzymatic properties of CPZ have been character- 
ized with protein purified from homogenates of CPZ-ex- 
pressing AtT-20 cells. The pH optimum of CPZ is 7-8 
with two synthetic substrates tested, Dansyl-Phe-Ala-Arg 
or Dansyl-Pro-Ala Arg [67]. CPZ is approximately 10% 
as active at pH 5.5 as in the optimal pH range. As ex- 
pected for a metallocarboxypeptidase, CPZ is strongly in- 
hibited by the chelating agents 1,10-phenanthroline, 
EDTA or EGTA. Not surprisingly, CPZ activity is unaf- 
fected by serine protease inhibitors (phenylmethylsul- 
fonyl fluoride, benzamidine) or by most cysteine protease 
inhibitors (iodoacetamide), although 0. 1 mM concentra- 
tions of another cysteine-directed reagent (p-chloromer- 
curiphenylsulfonate) inhibits the enzyme. Interestingly, 
tosyl-lysyl-chloromethyl ketone, a trypsin inhibitor, but 
not the related tosyl-phenylalanyl-chloromethyl ketone 
partially inhibits CPZ activity. Guanidinoethylmercapto- 
succinic acid, an active site-directed inhibitor of metallo- 
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carboxypeptidases, including CPE [68-69, 32], inhibits 
CPZ with an IC 30 (concentration at which 50% of the en- 
zyme activity is inhibited) of approximately 10 pM. The 
IC 50 of the sulfhydryl analog 2-mercaptomethyl-3-guani- 
dinoethylthiopropanoic acid is approximately one order 
of magnitude higher. Divalent cations at millimolar con- 
centrations either inhibit (Zn 2 \ Mn 2+ , Cd 2+ , Cu 2 " and 
Hg 2+ ) or have no effect (Ca 2+ , Mg 2 *) on the enzyme activ- 
ity. 

The relative affinity of CPZ for C-terminal Lys versus 
C-terminal Arg was examined by testing the ability of two 
peptides, hippuryl- Arg and hippuryl-Lys, to compete for 
CPZ hydrolysis of dansyl-Phe-Ala-Arg. Hippuryl-Arg in- 
hibits hydrolysis of the dansylated tripeptide with an IC 50 
of approximately 10 mM, whereas the same concentra- 
tion of hippuryl-Lys does not affect CPZ activity. The 
substrate specificity of CPZ has been further character- 
ized, using a series of dansylated tripeptides. CPZ cleaves 
dansyl-Phe-Ala-Arg and dansyl-Pro-Ala-Arg most rapid- 
ly of the substrates examined, with K m values for both 
substrates of approximately 2 mM. Only 5-10% of the 
dansyl-Phe-Gly-Arg and 3-5% of the dansyl-Phe- 
Phe-Arg are cleaved under conditions where dansyl-Phe- 
Ala-Arg and dansyl-Pro-Ala-Arg are 50% hydrolyzed. 
Dansyl-Phe-Pro-Arg and dansyl-Phe-Ile-Arg are not 
cleaved by CPZ. 

It is unlikely that CPZ plays a broad role in neuroen- 
docrine peptide processing, given its neutral pH opti- 
mum, narrow substrate specificity and limited distribu- 
tion. The pattern of expression of CPZ is entirely differ- 
ent from that of CPE. Although CPZ is expressed in most 
tissues examined, it is localized to a restricted number of 
specific cell types within each organ. In adult brain, for 
example, CPZ is primarily expressed in leptomeningeal 
cells. CPE, on the other hand, is generally expressed only 
in neuroendocrine tissues, but in many cell types in those 
tissues. Few cells, therefore, express both CPE and CPZ, 
making it unlikely that the two enzymes have overlapping 
functions in intracellular neuroendocrine peptide pro- 
cessing. It is likely that CPZ performs a catalytic function 
apart from the processing of intracellular neuroendocrine 
peptides, perhaps with components of the extracellular 
matrix as substrates, since, unlike CPE, CPZ is active at 
the neutral pH of the extracellular environment. 



Wnt proteins 

As mentioned above, the presence of the Frizzled domain 
within CPZ, the localization of the protein in the extra- 
cellular matrix and the overlap of CPZ expression during 
embryonic development with several Wnt genes suggest 
that CPZ may function as a Wnt-binding protein. The 
Wnt family consists of signaling proteins that have 
homology to Wnt-1 in the mouse (initially named int-1) 



[70-71] and wingless (Wg) in Drosophila [72-73]. 
Members of the Wnt family are glycoproteins, typically 
350-400 amino acids in length, with a minimum degree 
of sequence identity of 18%, plus at least 23-24 con- 
served cysteine residues, in addition to other conserved 
amino acid residues. Homologous genes encoding Wnt 
proteins occur in organisms as varied as mammals and 
the nematode C. elegans. Vertebrates generally have 
pairs of very similar Wnt genes, referred to as A-B pairs. 
Work with Wnt proteins has been hampered by the ex- 
treme difficulty in obtaining purified protein or anti- 
sera that recognize the Wnt proteins. Wnt action can be 
indirectly monitored, however, by testing for the stabi- 
lization of ^-catenin, a component of the Wnt signal 
transduction pathway [74]. Alternatively, transforming 
Wnts can induce morphological transformation of target 
cells [75], 

Much of what is known about the function of Wnt pro- 
teins has been learned from studies involving whole or- 
ganisms. These experiments have revealed the role of 
Wnt proteins in the regulation of normal embryonic de- 
velopment. For example, disruption of the gene encod- 
ing Wnt-1 in mice results in neural defects [76]. Inter- 
estingly, ectopic expression of Wnt-1 in embryonic cells 
leads to several striking phenotypes, including a dupli- 
cation of the embryonic axis in Xenopus leading to the 
development of two-headed tadpoles, an increase in the 
number of mitogenic cells in the ventricular region of the 
mouse spinal cord and stimulation of the metanephric 
mesenchyme to differentiate into glomerular and renal 
tubular epithelia in the mouse kidney [77-79]. Disrup- 
tion of the gene encoding Wnt-7a results in mice with 
ventralized limbs, consistent with the observation that 
Wnt~7a is expressed in the dorsal epidermis [80], Fur- 
thermore, in gain of function experiments where Wnt-7a 
is ectopically expressed in chicken limb buds, the chick 
embryo's limbs are dorsalized [81]. Mice with a disrup- 
tion of the Wnt-4 gene do not develop kidneys [82]. Con- 
sistent with this phenotype, ectopic expression studies of 
Wnt'4 show that it may function in the mesenchymal- 
epithelial transitions occurring during the formation of 
the kidney [79]. 

In addition to their role in the regulation of embryonic de- 
velopment, Wnts are implicated in oncogenesis, as dereg- 
ulated Wnt signaling can cause cellular transformation 
[83]. Mouse Wnts have been grouped into three cate- 
gories, depending on the ability of each Wnt to transform 
sensitive cells. Wnt-1, Wnt-3a and Wnt-7a are highly 
transforming, Wnt-2, Wnt-5b and Wnt-7b are intermedi- 
ate in their ability to transform cells and Wnt-4, Wnt-5a 
and Wnt-6 are considered nontransforming Wnts [84]. 
Transforming Wnts have so far been implicated in the 
production of at least four tumor types: adenocarcinoma 
of the colon, malignant melanoma, hepatocellular carci- 
noma [85] and mammary tumors [70]. 
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Wnt signal transduction 

Wnt proteins serve as ligands for members of the Frizzled 
family, which are membrane-spanning proteins that func- 
tion in the transduction of the Wnt signal to the cyto- 
plasm. Signal transduction occurs via three distinct path- 
ways, depending on whether the bound Wnt is transform- 
ing or nontransforming. When a transforming Wnt binds 
to a Frizzled receptor, the cytoplasmic protein known as 
Disheveled is hyperphosphorylated and activated [86]. 
The activation of Disheveled leads in turn to the suppres- 
sion of the activity of the serine/threonine kinase glyco- 
gen synthase kinase 3 (GSK 3). Active GSK 3 promotes 
the degradation of 0-catenin, a multifunctional protein 
also regulated by adenomatous polyposis coli protein and 
homologous to the Drosophila protein known as ar- 
madillo. Suppression of GSK 3 by Wnts, therefore, an- 
tagonizes /?-catenin degradation and leads to increased 
intracellular concentrations of the armadillo homolog in 
mammalian cells. 0-catenin interacts with members of 
the lymphoid enhancer factor/T-cell factor (LEF/TCF) 
family of architectural transcription factors in the nu- 
cleus. Suppression of GSK 3 leading to the stabilization 
of /J-catenin, therefore, allows more interactions between 
/J-catenin and LEF/TCF transcription factors. LEF/TCF 
family members then bind consensus sites in promoters 
and induce transcription of Wnt responsive genes. In con 
trast, signal transduction for nontransforming Wnts is in- 
dependent of the /?-catenin-triggered system and is 
mediated by either the phosphatidylinositol cycle via a 
G-protein-coupled pathway or by the Jun-kinase path- 
way [87]. 



Wnt-binding proteins 

Members of the Frizzled family of transmembrane recep- 
tors mentioned above contain a C-terminal cytoplasmic 
tail, seven membrane-spanning sequences and the extra- 
cellular cysteine-rich Wnt binding domain, Bhanot et al. 
[88] were the first to show that Frizzled proteins func- 
tioned as receptors for Wnt proteins. Drosophila S2 cells 
transfected with Drosophila Frizzled-2 responded to the 
Drosophila Wnt protein known as Wg, whereas wild-type 
S2 cells were unresponsive to Wg. Loss-of-function ex- 
periments in Drosophila provided more evidence for a 
role of Frizzled proteins in Wnt signaling. Mutations in 
the Drosophila gene encoding Frizzled- 1, the first Friz- 
zled protein discovered, result in a tissue polarity defect. 
Normally, Drosophila wing blade epithelial cells are 
aligned, allowing the wing hairs, of which there are one 
per cell, to all point in a distal direction. In flies lacking 
the Frizzled gene, epithelial cells in the wing blade be- 
come disrupted, and wing hairs are oriented haphazardly. 
Disruption of the Frizzled gene has a similar effect on the 



orientation of bristles on the notum and legs [89], and on 
the orientation of the ommatidia in the insect eye [90]. 
While at least 1 8 mammalian Wnt genes have been iden- 
tified, only 11 mammalian Frizzled receptor genes are 
known, suggesting that some receptors can bind more 
than one type of Wnt. In addition to Frizzled receptors 
binding multiple Wnt proteins, it is also likely that Wnt 
proteins bind multiple Frizzled receptors. In support of 
this, Wg was found to interact with Drosophila Frizzled- 
1, Drosophila Frizzled-2, mouse FrizzIed-4, human Friz- 
zled-5, mouse FrizzIed-7, and mouse Frizzled-8, but not 
mouse Frizzled-3. 

The cysteine rich Wnt binding domain does not occur 
only in Frizzled membrane-spanning proteins, but has 
been found to occur in a family of secreted proteins. 
These secreted Frizzled-related proteins (sFRPs) have a 
size of approximately 30 kDa and contain a putative sig- 
nal sequence, followed by the Frizzled-like domain and 
then a conserved hydrophilic carboxy-terminal domain. 
The sFRPs are encoded by distinct genes and are not the 
products of alternate splicing of the transmembrane Friz- 
zled protein genes. Binding of the sFRPs to Wnt proteins 
was confirmed by anchoring derivatives of sFRP-2 and 
sFRP-3 with glycosylphosphatidylinositol, expressing 
the protein in human embryonic kidney cells, and then 
observing cell surface binding by Wg. One of the sFRPs 
was identified during a search for cartilage- and bone-in- 
ducing activities in bovine cartilage extracts. cDNAs en- 
coding proteins involved in induction of cartilage and 
bone and expressed in the human limb bud were found 
also to contain regions encoding a Frizzled domain. The 
protein encoded by these genes was named Frzb [9 1 ] and 
also SFRP3. The Xenopus homolog of Frzb is expressed 
in the dorsal marginal zone of the embryo, termed the 
Spemann organizer, which controls the patterning of the 
equatorial region of the frog embryo. Another secreted 
protein containing a Frizzled domain has been named siz- 
zled (secreted Frizzled) and is expressed in a narrow do- 
main in the ventral marginal zone of Xenopus embryos. 
Both Frzb and sizzled have been shown to antagonize 
Xenopus Wnt-8. Ectopic expression of Xenopus Wnt-8 in 
the ventral side of early cleaving frog embryos results in 
the development of two-headed tadpoles [92], Interest- 
ingly, ectopic expression of the same Wnt protein later in 
embryonic development causes ventralization of the em- 
bryo [93], When Frzb is coinjected m\h Xenopus Wnt-8, 
the disruption in the developing embryo is prevented [55, 
94], Similarly, Xenopus Wnt-8 induced ventralization of 
Xenopus embryos is also blocked by sizzled [56]. 
Several genes encoding extracellular proteins containing 
Frizzled domains have now been identified, including ad- 
ditional members of the Frzb family, one form of collagen 
VIII and, as we have described above, CPZ [55, 91, 
95-97], Although antagonism of Wnt action has been 
demonstrated for some of these secreted Frizzled related 
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proteins, it is not known whether they all function to 
downregulate Wnt effects, and whether the non-Frizzled 
domain in these proteins, e.g. the bone-developing do- 
main of Frzb or the catalytic domain of CPZ, also plays a 
role in modulation of Wnt function. 



Models of CPZ function 

Although the exact function of CPZ is not yet known, it is 
likely that this protein plays a role in development by one 
of several possible mechanisms (fig. 6). First, CPZ may 
function in the regulation of embryonic development by 
interacting with Wnt proteins (fig. 6, model 1). The lo- 
calization of the gene encoding CPZ is consistent with 
this putative role in development. Using radiation hybrid 
mapping as previously described [98], we have found the 
CPZ gene at human chromosome 4pl 6.3. The gene is lo- 
cated 6.6 cR from the STS D4S394 in the interval be- 
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Figure 6. Models of CPZ Function. CPZ may function as a secreted 
Frizzled-related protein and antagonize Wnt signaling by binding 
Wnts in the extracellular environment, thus preventing them from 
binding to the cysteine-rich domain (CRD) of the Frizzled receptors 
and activating these receptors (model 1). CPZ may remove the C- 
terminal Lys or Arg residue present on many of the Wnts. Although 
there is no known function for this modification, it is possible that 
this activates or inactivates the Wnt, renders it susceptible to further 
degradation or alters its targeting within the extracellular matrix 
(model 2). Finally, the role of CPZ may be to enhance the activity 
of the endoproteases that reside in and act on the extracellular ma- 
trix, by removing the C-terminal basic residue from one of the prod- 
ucts of an endopeptidase reaction and relieving product inhibition 
(model 3). 



• 



loxypeptidase Z, development and Wnts 



tween D4S394 and WI-65 1 8 in the H3 isocore family. In- 
terestingly, the gene encoding BAPX1, a homeobox gene 
expressed in mouse embryonic skeleton and currently a 
candidate for human disorders of skeletal development 
[99-100], is located only 2-4 cR (centiRay) proximal to 
the gene encoding CPZ. At least two additional homeo- 
box genes, H6 and HOX7, also are located on the short 
arm of human chromosome 4 [101]. At least five human 
diseases are associated with 4p deletions, and all are 
characterized by abnormalities of skeletal development: 
craniosynostosis Adelaide type [102], Ellis-van Creveld 
syndrome [103], Weyers acrofacial dysostosis [104], 
achondro/hypochondroplasia [105-106] and Wolf- 
Hirschhorn/Pitt-Rogers-Danks syndrome [107]. This ob- 
servation is particularly interesting, because we have 
shown that CPZ is expressed in mouse embryonic rib 
chondrocytes [60]. Finally, Trisomy 4p occurs in humans 
and is characterized by abnormal development of the 
face, head and extremities [108]. 
In addition to being encoded by a gene that lies in a chro- 
mosomal region associated with embryonic develop- 
ment, CPZ displays a dynamic pattern of expression over 
the course of development in the mouse [60] (fig. 5), and 
this pattern overlaps with the pattern of expression of 
multiple murine Wnt genes. Furthermore, CPZ is found 
in the extracellular space, where the enzyme can access 
Wnts, which are also secreted into the extracellular envi- 
ronment. Finally, CPZ contains a domain predicted to in- 
teract with Wnts by amino acid sequence homology with 
other Wnt binding proteins. CPZ may function like other 
secreted Frizzled proteins (members of the Frzb family, 
sizzled and so on) by competing with Frizzled transmem- 
brane receptors for Wnt binding (fig. 6, model 1). The en- 
zyme may thus antagonize the function of Wnts by pre- 
venting the activation of Wnt-induced signal transduction 
pathways, thereby affecting transcription of specific 
genes involved in embryonic development. 
As certain Wnts have been implicated in oncogenesis, 
CPZ may function as a tumor suppressor by downregu- 
lating Wnt action. We have recently found that CPZ an- 
tagonizes transformation of C57MG cells induced by 
mouse Wnt-3a [unpublished]. Interestingly, the region of 
human chromosome 4 that contains the CPZ gene also 
contains one or more genes associated with the suppres- 
sion of specific cancers. A deletion of the distal 34 cM of 
4p, which overlaps with the location of the CPZ gene, 
leads to the development of neuroblastomas [109]. How- 
ever, this is a very large deletion that contains many other 
genes, and it is premature to conclude that CPZ is the tu- 
mor suppressor gene in this region. 
In addition to CPZ, other proteins (such as frzb) contain 
a Frizzled-homology domain adjacent to another seem- 
ingly unrelated domain. Although not related by amino 
acid sequence, it is possible that the two domains are re- 
lated in function. In the case of CPZ, the carboxypepti- 
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dase domain may act directly on the Wnt protein (fig. 6, 
mode! 2). As discussed above, the CPZ catalytic domain 
has been shown to remove C-terminal basic amino acid 
residues from a series of synthetic peptides [67]. Interest- 
ingly, several Wnt proteins are predicted to contain C-ter- 
minal Lys or Arg residues, based on analysis of the cDNA 
sequence. For example, a C-terminal Lys residue is en- 
coded by the genes for human Wnt-5a, human Wnt-7a, 
and many mouse Wnts (-3a, -5b, -7b, -10a, -10b and -11). 
A C-terminal Arg residue is encoded by the gene for 
mouse Wnt-4. However, it is not known whether the ma- 
jor forms of these proteins that exist in vivo contain the 
C-terminal basic residue, or whether it has been removed 
by a carboxypeptidase. If processing does occur at this 
site, it is not known whether this affects the biological ac- 
tivity. It is possible that removal of the C-terminal residue 
activates or inactivates the Wnt, renders it susceptible to 
further degradation or alters the targeting of the Wnt 
within the extracellular matrix. If cleavage of the C-ter- 
minal Lys or Arg by CPZ decreases the activity of the 
Wnt, then this effect of CPZ would be complementary to 
the proposed downregulation of Wnt activity by the Cys- 
rich domain within CPZ. 

It is also possible that the carboxypeptidase domain of 
CPZ plays a complementary role to the frizzled homo- 
logy domain by cleaving a substrate other than Wnt pro- 
teins (fig. 6, model 3). For example, during development 
the extracellular matrix undergoes substantial remodel- 
ing. A large number of endoproteases have been found 
within the extracellular matrix, and many of these are 
highly regulated during development. Endopeptidases, as 
with most enzymes, are prone to product inhibition. Al- 
though there are two products of an endopeptidase reac- 
tion, these are not usually equally potent at producing in- 
hibition. Instead, the endopeptidases tend to cut to one 
side of their substrate recognition sequences, and only the 
product that contains the bulk of that sequence tends to 
produce product inhibition. Because the majority of en- 
dopeptidases cleave towards the C-terminal side of their 
substrate recognition sequence, a carboxypeptidase pro- 
cessing step is usually sufficient to relieve the product in- 
hibition. Thus, the role of CPZ may be to enhance the ac- 
tivity of the endoproteases that reside in, and act on the 
extracellular matrix. Further studies are needed to test the 
various hypotheses regarding CPZ function. The high de- 
gree of conservation of this protein from rat to human ar- 
gues that it plays an important biological role. 

Acbwwledgements. The preparation of this manuscript was sup- 
ported by National Institutes of Health Research Scientist Develop- 
ment Award DA-00194 (L.D.F.) and Mentored Clinical Scientist 
Development Award IK08 HD01209 (S.E.R.). 



1 Huang H., Reed C. P., Zhang J. S., Shridhar V, Wang L and 
Smith D. I. (1999) Carboxypeptidase A3 (CPA3): a novel gene 



highly induced by histone deacetylase inhibitors during dif- 
ferentiation of prostate epithelial cancer cells. Cancer Res. 59: 
2981-2988 

2 Auld D. S. (1998) Carboxypeptidase A. In: Handbook of Pro- 
teolytic Enzymes, pp. 1321-1326. Barren A. J., Rawlings N. 
D. and Woessner J. F. (eds), Academic Press, San Diego 

3 Auld D. S. (1998) Carboxypeptidase A2. In: Handbook of 
Proteolytic Enzymes, pp. 1 326- 1 328, Barrett A. J., Rawlings 
N. D. and Woessner J. F. (eds), Academic Press, San Diego 

4 Hendriks D. F. (1998) Carboxypeptidase U. In: Handbook of 
Proteolytic Enzymes, pp. 1328-1330, Barren A. J., Rawlings 
N. D. and Woessner J, F, (eds), Academic Press, San Diego 

5 Springman E. B. (1998) Mast cell carboxypeptidase. In: 
Handbook of Proteolytic Enzymes, pp. 1330-1333, Barrett 
A. J., Rawlings N. D. and Woessner J. F. (eds), Academic 
Press, San Diego 

6 Aviles F. X. and Vendrell J. (1998) Carboxypeptidase B. In: 
Handbook of Proteolytic Enzymes, pp. 1333-1335, Barrett 
A, J., Rawlings N. D. and Woessner J. F. (eds), Academic 
Press, San Diego 

7 San Segundo B., Martinez M. C, Vilanova M., Cuchillo C. M. 
and Aviles F. X. (1982) The severed activation segment of 
porcine pancreatic procarboxypeptidase A is a powerful in- 
hibitor of the active enzyme. Biochim. Biophys. Acta 707: 
74-80 

8 Flicker L. D. (1998) Carboxypeptidase E/H. In: Handbook of 
Proteolytic Enzymes, pp. 1 34 1 - 1 344, Barren A. J., Rawlings 
N. D. and Woessner J. F. (eds), Academic Press, London 

9 Fricker L. D. (1 998) Metallocarboxypeptidase D. In: Handbook 
of Proteolytic Enzymes, pp. 1349- 1351, Barren A. J., Rawlings 
N. D. and Woessner J. F. (eds), Academic Press, London 

10 Skidgel R. A. and Erdos E. G, (1998) Lysine carboxypepti- 
dase. In: Handbook of Proteolytic Enzymes, pp. 1344-1347, 
Barrett A. J„ Rawlings N. D, and Woessner J. F. (eds), Aca- 
demic Press, San Diego 

1 1 Skidgel R. A. (1998) Carboxypeptidase M. In: Handbook of 
Proteolytic Enzymes, pp. 1 347-1349, Barrett A. J., Rawlings 
N. D. and Woessner J. F. (eds), Academic Press, San Diego 

12 Gomis-Ruth F. X., Companys V, Qian Y., Fricker L. D„ 
Vendrell J., Aviles F. X. et al. (1999) Crystal L.D., Coll struc- 
ture of avian carboxypeptidase D domain II: a prototype for 
the regulatory metallocarboxypeptidase subfamily. EMBO J. 
18:5817-5826 

1 3 Aloy P., Companys V, Vendrell J., Aviles F. X., Fricker L. D. et 
al. (2001) The crystal structure of the inhibitor-complexed 
carboxypeptidase D domain II as a basis for the modelling of 
regulatory carboxypeptidases. J, Biol. Chem. 276: 16177- 
16184 

14 Folk J. E. (1971) Carboxypeptidase B. In: The Enzymes, pp. 
57-79, BoyerP. D. (ed.), Academic Press, New York 

15 Gardell S. J., Craik C. S. s Clauser E., Goldsmith E. J., Stewart 
C. B„ Graf M. et al. (1988) A novel rat carboxypeptidase, 
CPA2: characterization, molecular cloning and evolutionary 
implications on substrate specificity in the carboxypeptidase 
gene family. J. Biol. Chem. 263: 17828-17836 

1 6 Fricker L. b (1 988) Carboxypeptidase E. Ann. Rev. Physiol. 
50: 309-321 

17 Fricker L D. and Snyder S. H. (1982) Enkephalin conver- 
tase: purification and characterization of a specific enke- 
phalin-synthesizing carboxypeptidase localized to adrenal 
chromaffin granules. Proc. Natl. Acad. Sci. USA 79: 3886- 
3890 

1 8 Zhou A., Webb G., Zhu X. and Steiner D. F. (1999) Proteolytic 
processing in the secretory pathway. J. Biol. Chem. 274: 
20745-20748 

19 Greene D., Das B. and Fricker L. D. (1992) Regulation of car- 
boxypeptidase E: effect of pH, temperature and Co++ on ki- 
netic parameters of substrate hydrolysis. Biochem. J, 285: 
613-618 



1802 



S. E. Reznik and L. D. Fricker 



18069302 



fxypeptidase Z, development and Wnts 



20 Smyth D. G., Maruthainar iC Darby N, J. and Fricker L. D. 37 
(1989) C-terminal processing of neuropeptides: involvement 
of carboxypeptidase H. J. Neurochem. 53: 489-493 

21 Schafer M, K.-H., Day R. ( Cullinan W. E.. Chretien M, 
Seidah N. G. and Watson S. J. (1993) Gene expression of pro- 38 
hormone and proprotein convertases in the rat CNS; a com- 
parative in situ hybridation analysis. J. Neurosci, 13: 
1258-1279 

22 Zheng M., Streck R. D., Scott R. E. M., Seidah N. G. and 39 
Pintar J. E. ( 1994) The developmental expression in rat of pro- 
teases furin, PCI, PC2 and carboxypeptidase E; Implications 
for early maturation of proteolytic processing capacity. J, Neu- 
rosci. 14; 4656-4673 40 

23 Supattapone S., Fricker L. D. and Snyder S. H. (1984) Purifi- 
cation and characterization of a membrane-bound enke- 
phalin-forming carboxypeptidase, 'enkephalin convertase', 
J, Neurochem, 42: 1017-1023 41 

24 Fricker L. D., Das B. and Angeletti R, H. (1990) Identification 
of the pH-dependent membrane anchor of carboxypeptidase E 
(EC 3.4.17.10). J. Biol. Chem. 265: 2476-2482 

25 Parkinson D. (1990) Two soluble forms of bovine car- 
boxypeptidase H have different NH2-terminal sequences. J. 
Biol. Chem. 265: 17101-17105 42 

26 Naggert J. K., Fricker L, D„ Varlamov 0., Nishina P. M., 
Rouille Y, Steiner D. F. et al. (1995) Hyperproinsulinemia in 
obese fat/fat mice associated with a point mutation in the car- 
boxypeptidase E gene and reduced carboxypeptidase E activ- 43 
ity in the pancreatic islets. Nat, Genet. 10: 135-142 

27 Fricker L. D., Berman Y. L, Leiter E. H. and Devi L. A. (1 996) 
Carboxypeptidase E activity is deficient in mice with the/af 
mutation: effect on peptide processing. J. Biol. Chem. 271: 44 
30619-30624 

28 Rovere C, Viale A., Nahon J. and Kitabgi P (1996) Impaired 
processing of brain proneurotensin and promelanin-concen- 45 
trating hormone in obese fat/fat mice. Endocrinol. 137: 
2954-2958 

29 Udupi V, Gomez P., Song L., Varlamov O., Reed J. T„ Leiter 
E. H. et al. (1997) Effect of carboxypeptidase E deficiency on 46 
progastrin processing and gastrin mRNA expression in mice 
with the/ai mutation. Endocrinology 138: 1959- 1963 

30 Cain B. M., Wang W. and Beinfeld M. C (1997) Cholecys- 
tokinin (CCK) levels are greatly reduced in the brains but not 
the duodenums of Cpe^/Cpe^' mice: a regional difference in 47 
the involvement of carboxypeptidase E (Cpe) in pro-CCK pro- 
cessing. Endocrinology 138: 4034-4037 

3 1 Kuroki K., Eng F„ Ishikawa T., Turck C, Harada F. and Ganem 48 
D. (1995) gpl80, a host cell glycoprotein that binds duck he- 
patitis B virus particles, is encoded by a member of the car- 
boxypeptidase gene family. J. Biol. Chem. 270: 15022-15028 

32 Song L. and Fricker L. D. (1995) Purification and characteri- 
zation of carboxypeptidase D, a novel carboxypeptidase E- 49 
like enzyme, from bovine pituitary. J. Biol. Chem. 270: 
25007-25013 

33 Settle S. H. J., Green M. M. and Burtis K. C. (1995) The sil- 50 
ver gene of Drosophlla melanogaster encodes multiple car- 
boxypeptidases similar to mammalian prohormone-process- 
ing enzymes. Proc. Natl. Acad. Sci. USA 92: 9470-9474 5 1 

34 Tan F., Rehli M., Krause S. W. and Skidgel R. A. (1997) Se- 
quence of human carboxypeptidase D reveals it to be a mem- 
ber of the regulatory carboxypeptidase family with three tan- 
dem active site domains. Biochemistry J. 327: 8 1 -87 52 

35 Xin X., Varlamov 0. ( Day R., Dong W„ Bridgett M. M„ Lei- 
ter E. H. et al. (1 997) Cloning and sequence analysis of cDNA 
encoding rat carboxypeptidase D. DNA Cell Biol. 16: 897- 
909 53 

36 Ishikawa T. f Murakami K., Kido Y, Ohnishi S„ Yazaki Y, 
Harada F. et al. (1998) Cloning, functional expression and 
chromosomal localization of the human and mouse 54 
gpl80-carboxypeptidaseD-like enzyme. Gene 2 15: 361-370 



Fan X., Qian Y, Fricker L, D., Akalal D. B. and Nagle G. T. 
(1999) Cloning and expression of Apfysia carboxypeptidase 
D, a candidate prohormone processing enzyme. DNA Cell 
Biol. 18: 121-132 

Eng F. J., Novikova E. G. f Kuroki K., Ganem D. and Fricker L. 
D. (1998) gpl80, a protein that binds duck hepatitis B virus 
particles, has metallocarboxypeptidase D-like enzymatic ac- 
tivity. J. Biol. Chem. 273: 8382-8388 
Novikova E. G., Eng F. J., Yan L., Qian Y and Fricker L. D. 
(1999) Characterization of the enzymatic properties of the 
first and second domains of metallocarboxypeptidase D. J. 
Biol. Chem. 274: 28887-28892 

Guinand M. (1998) Gamma-D-glutamyl-(L)-mesodiamin- 
opimelate peptidase I. In: Handbook of Proteolytic Enzy- 
mes, pp, 1338-1340, Barrett A, J„ Rawlings N. D. and Woess- 
ner J. F. (eds), Academic Press, San Diego 
Xie S., Green J., Bixby J. B., Szafranska B., DeMartini J. C, 
Hecht S. et al. (1997) The diversity and evolutionary rela- 
tionships of the pregnancy^associated glycoproteins, an as- 
partic proteinase subfamily consisting of many tropho- 
blast-expressed genes. Proc. Natl. Acad. Sci. USA 94: 12809- 
12816 

Varlamov O. and Fricker L. D. (1998) Intracellular trafficking 
of metallocarboxypeptidase D in AtT-20 cells: localization to 
the rwttS-Golgi network and recycling from the cell surface. J. 
Cell Sci. 111:877-885 

Varlamov O., Eng F. J., Novikova E. G. and Fricker L. D. 
(1999) Localization of metallocarboxypeptidase D in AtT-20 
cells: potential role in prohormone processing. J. Biol. Chem. 
274: 14759-14767 

Nakayama K. (1997) Furin: a mammalian subtilisin/ 
Kex2p-like endoprotease involved in processing of a wide 
variety of precursor proteins. Biochem. J. 327: 625-635 
Lei Y, Xin X., Morgan D., Pintar J. E. and Fricker L. D. (1999) 
Identification of mouse CPX-1, a novel member of the 
metallocarboxypeptidase gene family with highest similarity 
to CPX-2. DNA Cell Biol. 18: 175-185 
Xin X. , Day R., Dong W., Lei Y and Fricker L. D. ( 1 998) Iden- 
tification of mouse CPX-2, a novel member of the metallo- 
carboxypeptidase gene family: cDNA cloning, mRNA distri- 
bution, and protein expression and characterization. DNA 
Cell Biol. 17: 897-909 

He G, P., Muise A., Li A. W, and Ro H. S. (1995) A eukaryotic 
transcriptional repressor with carboxypeptidase activity. Na- 
ture 378: 92-96 

Muise A. M. and Ro H. S. (1999) Enzymic characterization 
of a novel member of the regulatory B-like carboxypepti- 
dase with transcriptional repression function: stimulation of 
enzymic activity by its target DNA. Biochem. J. 343: 341- 
345 

Song L. and Fricker L. D. (1997) Cloning and expression of 
human carboxypeptidase Z, a novel metallocarboxypeptidase. 
J. Biol. Chem. 272: 10543-10550 
Rees D. C, Lewis M. and Lipscomb W. N. (1983) Refined 
crystal structure of carboxypeptidase A at 1 .54 A resolution. 
J. Mol. Biol. 168: 367-387 

Gardell S. J., Craik C. S., Hilvert D., Urdea M. S, and Rutter 
W. J. (1985) Site-directed mutagenesis shows that tyrosine 
248 of carboxypeptidase A does not play a crucial role in 
catalysis. Nature 3 17: 551-555 

Qian Y, Varlamov O. and Fricker L. D. (1 999) Glu 300 of rat car- 
boxypeptidase E is essential for enzymatic activity but not 
substrate binding or routing to the regulated secretory path- 
way. J. Biol. Chem. 274: 11582-11586 
Xin X, Day R., Dong W., Lei Y and Fricker L. D. (1998) 
Cloning, sequence analysis, and distribution of rat metallocar- 
boxypeptidase Z. DNA Cell Biol. 17: 31 1-319 
Novikova E. G., Reznik S. E., Varlamov O. and Fricker L. D. 
(2000) Carboxypeptidase Z is present in the regulated secre- 



CMLS, Ceil Mol. Life Sci. Vol 58, 2001 



18069302 



Review Article 



1803 



Uu^U^lS 



tory pathway and extracelluTarmatrix in cultured cells and in 
human tissues. J. Biol. Chem. 275: 4865-4870 

55 Leyns L., Bouwmeester T M Kim S. f Piccolo S. and De 74 
Robertis E. M. (1997) Frzb*l is a secreted antagonist of Wnt 
signaling expressed in the Spemann organizer. Ceil 88: 75 
747-756 

56 Salic A. N., Kroll K. L M Evans L. M. and Kirschner M. W. 
(1997) Sizzled: a secreted Xwnt8 antagonist expressed in the 76 
ventral marginal zone of Xenopus embryos. Development 

124: 4739-4748 

57 Mayr T, Deutsch U., Kuhl M„ Drexler H. C, Lottspeich F., 77 
Deutzmann R. et al. (1997) Fritz: a secreted frizzled-related 
protein that inhibits Wnt activity. Mech. Dev. 63: 109-125 

58 Leimeister C, Bach A. and Gessler M. (1998) Developmental 78 
expression patterns of mouse sFRP genes encoding members 

of the secreted frizzled related protein family. Mech, Dev. 75: 
29-42 

59 Molloy S. S. t Thomas L., VanSlyke J. K. ( Stenberg P. E. and 79 
Thomas G. (1994) Intracellular trafficking and activation of 

the furin proprotein convertase: localization to the TGN and 
recycling from the cell surface. EMBO J. 13: 18-33 

60 Novikova E. G., Fricker L. D. and Reznik S. E. (2001) Car- 80 
boxypeptidase Z, a frizzle domain containing protein, is dy- 
namically expressed in mouse development, Mech. Dev. 102: 
259-262 81 

61 Jakobovits A., Shackleford G. M. Varmus H. E. and Martin G. 
R. (1986) Two proto-oncogenes implicated in mammary car- 
cinogenesis, int- 1 and int-2, are independently regulated dur- 
ing mouse development. Proc. Natl. Acad. Sci. USA 83: 82 
7806-7810 

62 Wilkinson D. G., Bailes J. A. and McMahon A. P. (1987) Ex- 
pression of the proto-oncogenc int-l is restricted to specific 
neural cells in the developing mouse embryo. Cell 50: 79-88 83 

63 McMahon J. A, and McMahon A. P. (1989) Nucleotide se- 
quence, chromosomal localization and developmental expres- 
sion of the mouse int- 1 -related gene. Development 107: 
643-650 84 

64 Roelink H., Wagenaar E M Lopes da Silva S. and Nusse R. 
(1990) Wnt-3, a gene activated by proviral insertion in mouse 
mammary rumors, is homologous to int-l /Wnt* 1 and is nor- 85 
mally expressed in mouse embryos and adult brain. Proc. Natl. 
Acad. Sci. USA 87: 45 1 9-4523 86 

65 Gavin B. J., McMahon J. A. and McMahon A. P. (1990) Ex- 
pression of multiple novel Wnt- 1 /int-l -related genes during 

fetal and adult mouse development. Genes Dev. 4: 87 
2319-2332 

66 Millar S, E., Willert K„ Salinas P. C. ( Roelink H., Nusse R., 
Sussman D. J. et al. (1999) WNT signaling in the control of 88 
hair growth and structure, Dev. Biol, 207: 133-149 

67 Novikova E. G. and Fricker L. D, (1999) Purification and 
characterization of human metallocarboxypeptidase Z. 
Biochem. Biophys. Res. Commun. 256: 564-568 89 

68 MacKay T, J. and Plummer T. H. (1978) By-product analogues 

for bovine carboxypeptidase B. Biochemistry 17: 40 1 -405 90 

69 Fricker L. D„ Plummer T. H. and Snyder S. H. (1983) 
Enkephalin convertase: potent, selective, and irreversible in- 
hibitors. Biochem. Biophys. Res. Commun. 1 II : 994- 1 000 91 

70 Nusse R. and Varmus H. E. (1982) Many tumors induced by 
the mouse mammary tumor virus contain a provirus integrated 
in the same region of the host genome. Cell 3 1 : 99- 1 09 

71 Van Ooyen A. and Nusse R. (1984) Structure and nucleotide 92 
sequence of the putative mammary oncogene int-l; proviral 
insertions leave the protein-encoding domain intact. Cell 39: 
223-240 

72 Cabrera C. V, Alonso M. C, Johnston P., Phillips R. G. and 
Lawrence P. A, (1987) Phenocopies induced with antisense 93 
RNA identify the wingless gene. Cell 50: 659-663 

73 Rijsewijk F., Schuermann M. f Wagenaar E., Parren P., Weigel 
D. and Nusse R. (1987) The Drosophila homolog of the mouse 



mammary oncogene int-l is identical to the segment polarity 
gene wingless. Cell 50: 649-657 

Novak A. and Dedhar S. (1999) Signaling through beta- 
catenin and Lef/Tcf. Cell. Mol. Life Sci. 56: 523-537 
Wong G. T., Gavin B. J. and McMahon A. P. (1994) Differen- 
tial transformation of mammary epithelial cells by Wnt genes. 
Mol. Cell Biol. 14: 6278-6286 

McMahon A. P. and Bradley A. (1990) The Wnt-l (int-l) 
proto-oncogene is required for development of a large region 
of the mouse brain. Cell 62: 1 073- 1 085 
Sokol S., Christian J. L, Moon R. T. and Melton D. A. (1991) 
Injected Wnt RNA induces a complete body axis in Xenopus 
embryos. Cell 67:741-752 

Dickinson M. E., Krumlauf R. and McMahon A. P. (1994) 
Evidence for a mitogenic effect of Wnt-l in the developing 
mammalian central nervous system. Development 120: 
1453-1471 

Kispert A. } Vainio S, and McMahon A. P. (1998) Wnt-4 is a 
mesenchymal signal for epithelial transformation of 
metanephric mesenchyme in the developing kidney. Develop- 
ment 125: 4225-4234 

Parr B. A. and McMahon A. P. ( 1 995) Dorsalizing signal Wnt- 
7a required for normal polarity of D-V and A-P axes of mouse 
limb. Nature 374: 350-353 

Yang Y. and Niswander L. (1995) Interaction between the sig- 
naling molecules WNT7a and SHH during vertebrate limb de- 
velopment: dorsal signals regulate anteroposterior patterning. 
Cell 80: 939-947 

Stark K., Vainio S., Vassileva G. and McMahon A. P. (1994) 
Epithelial transformation of metanephric mesenchyme in 
the developing kidney regulated by Wnt-4. Nature 372: 679- 
683 

Aoki M., Hecht A., Kruse U, Kemler R. and Vogt P. K. (1999) 
Nuclear endpoint of Wnt signaling: neoplastic transformation 
induced by transactivating iymphoid-enhancing factor I. 
Proc. Natl. Acad. Sci. USA 96: 139- 144 
Wong G. T., Gavin B. J. and McMahon A. P. (1994) Differen- 
tial transformation of mammary epithelial cells by Wnt genes. 
Mol. Ceil Biol. 14: 6278-6286 

Peifer M. (1997) Beta-catenin as oncogene: the smoking gun. 
Science 275: 1752 -1753 

Yanagawa S„ van Leeuwen R, Wodar2 A., Klingensmith J. and 
Nusse R. (1995) The dishevelled protein is modified by wing- 
less signaling in Drosophila. Genes Dev. 9: 1087-1097 
Slusarski D. C, Corces V. G, and Moon R. T. (1997) Interac- 
tion of Wnt and a Frizzled homologue triggers G-prote in- 
linked phosphatidylinositol signalling. Nature 390; 410-413 
Bhanot P., Brink M., Samos C. H., Hsieh J. C, Wang Y, 
Macke J. P. et al. (1 996) A new member of the frizzled family 
from Drosophila functions as a Wingless receptor. Nature 
382:225-230 

Adler P. N. (1992) The genetic control of tissue polarity in 
Drosophila, Bioessays 14: 735-741 
Zheng L., Zhang J. and Carthew R. W. (1995) Frizzled regu- 
lates mirror-symmetric pattern formation in the Drosophila 
eye, Development 121: 3045-3055 
Hoang B., Moos M., Vukicevic S. and Luyten F. P. ( 1 996) Pri- 
mary structure and tissue distribution of FRZB, a novel pro- 
tein related to Drosophila frizzled, suggest a role in skeletal 
morphogenesis. J. Biol. Chem. 271: 26131-26137 
Larabell C. A., Torres M., Rowning B. A., Yost C, Miller J. R., 
Wu M. et ah (1997) Establishment of the dorso-ventral axis in 
Xenopus embryos is presaged by early asymmetries in beta- 
catenin that are modulated by the Wnt signaling pathway. J. 
Cell Biol. 136: 1123-1136 

Christian J. L. and Moon R. T. (1993) Interactions between 
Xwnt-8 and Spemann OTganizer signaling pathways generate 
dorsoventral pattern in the embryonic mesoderm of Xenopus. 
Genes Dev. 7: 13-28 



1804 



S. E. Reznik and L. D. Fricker 



18069302 



K^uyt 



94 Wang S., Krinks M., Lin K.TCuyten F. P. and Moos M. (1 997) 103 
Frzb, a secreted protein expressed in the Spemann organizer, 
binds and inhibits Wnt-8. Cell 88: 757-766 

95 Orsulic S. and Peifer M. (1996) Cell-cell signaling: Wingless 

lands at last. Curr. Biol. 6: 1 363 - 1 367 1 04 

96 Moon R. T, Brown J. D., Yang-Snyder J. A. and Miller J. R. 
(1997) Structurally related receptors and antagonists compete 
for secreted Wnt ligands. Cell 88: 725-728 

97 Rattner A., Hsieh J. C. f Smallwood P.M., Gilbert D. J., 
Copeland N. G. and Jenkins N. A. (1997) A family of secreted 
proteins contains homology to the cysteine-rich ligand-bind- 105 
ing domain of frizzled receptors. Proc. Natl. Acad. Sci. USA 

94: 2859-2863 

98 Cox D. R., Burmeister M., Price E. R., Kim S. and Myers R. 

M. (1990) Radiation hybrid mapping: a somatic cell genetic 106 
method for constructing high-resolution maps of mammalian 
chromosomes. Science 250: 245-250 

99 Yoshiura K. I. and Murray J. C. (1997) Sequence and chromo- 
somal assignment of human BAPX1, a bagpipe-related gene, 107 
to 4p 1 6. 1 : a candidate gene for skeletal dysplasia. Genomics 

45: 425-428 

100 Tribioli C. and Lufkin T. (1997) Molecular cloning, chromo- 
somal mapping and developmental expression of BAPX1, a 108 
novel human homeobox-containing gene homologous to 
Drosophila bagpipe. Gene 203: 225-233 

101 Stadler H. S., Padanilam B. J M Buetow K., Murray J. C and 109 
Solursh M. (1992) Identification and genetic mapping of a 
homeobox gene to the 4pl6.l region of human chromosome 

4. Proc. Natl. Acad. Sci. USA 89: 1 1 579- U583 

102 Hollway G. E v Phillips H. A. t Ades L. C, Haan E A. and 
Mulley J. C. (1995) Localization of craniosynostosis Adelaide 
type to4pl6. Hum. Mol. Genet. 4: 681-683 



Jjoxypeptidase Z f development and Wnts 



Polymeropoulos M. H., Ide S. E., Wright M., Goodship J M 
Weissenbach J., Pyeritz R. E. et al. (1996) The gene for the 
Ellis-van Creveld syndrome is located on chromosome 4pl6. 
Genomics 35: 1-5 

Howard T. D., Guttmacher A.E. t McKinnon W. f Sharma M., 
McKusick V A. and Jabs E. W. (1997) Autosomal dominant 
postaxial Polydactyly, nail dystrophy and dental abnormalities 
map to chromosome 4pt6, in the region containing the Ellis- 
van Creveld syndrome locus. Am. J. Hum. Genet. 61: 
1405-1412 

Velinov M., Siaugenhaupt S. A., Stoilov I. f Scott C. I., Gusella 
J. E and Tsipouras P. ( 1 994) The gene for achondroplasia maps 
to the telomeric region of chromosome 4p. Nat. Genet. 6: 
314-317 

Le Merrer M., Rousseau F., Legeai-Mallet L., Landais J. C, 
Pelet A., Bonaventure J. et al. (1994) A gene for achondropla- 
sia-hypochondroplasia maps to chromosome 4p. Nat, Genet. 
6:318-321 

Wright T. J. ( Clemens M., Quarrell O. and Altherr M. R. 
(1998) Wolf-Hirschhorn and Pitt-Rogers-Danks syndromes 
caused by overlapping 4p deletions. Am. J. Med. Genet. 75: 
345-350 

Patel S, V, Dagnew H., Parekh A. J., Koenig E., Conte R. A. 
and Macera M. J. (1995) Clinical manifestations of trisomy 4p 
syndrome. Eur. J. Pediatr. 154: 425-431 
Caron H., van Sluis P.. Buschman R., Pereira do Tanque R., 
Maes P., Beks L. et al. (1996) Allelic loss of the short arm of 
chromosome 4 in neuroblastoma suggests a novel tumour sup- 
pressor gene locus. Hum. Genet. 97: 834-837 



To access this journal online: 
http://www.birkhauser.ch 



